Introduction
Over a decade on, graphene remains a hot topic amongst other 2D-materials, with significant amount of research devoted towards bandgap engineering. Whilst obtaining a large enough bandgap for digital electronics has so far proven to be difficult [1] [2] [3] [4] [5] , the unique properties of graphene have shown great promise for ultra-high frequency analogue electronics [6] , resistance metrology [7] , gas sensors [8] [9] [10] , magnetic field calibration [11] , and other applications that do not require a bandgap (e.g. physical barriers) [12] . Applications that require a large number of devices to behave precisely can benefit greatly from large-scale uniformity of number of the graphene layers. However, the fact remains that single crystal and uniform single-layer graphene (1LG) over millimetre scale has yet to be achieved. For example, epitaxial graphene on SiC(0 0 0 1) contains either islands of bilayer graphene (2LG) on terraces or long thin strips of 2LG running along the terrace edges [13, 14] . Inevitably, fabrication of nanoscale structures on such samples will lead to devices formed from either 1LG or 2LG, or a mixture of 1LG and 2LG [15] . Due to the additional interlayer interactions and electric field screening in 2LG [15, 16] , their exact shape, size and location have been shown to greatly alter the performance of devices in applications such as resistance metrology [17] [18] [19] and environmental sensors [20] [21] [22] [23] .
In general, the effects from these types of localised features are difficult to study with standard transport measurements alone as the extracted electrical parameters are averaged over the entire device area. However, there are several techniques which allow spatial mapping of the transport parameters of graphene. These include scanning tunnelling microscopy (STM), microwave microscopy (MM), terahertz time-domain Qualitative analysis of scanning gate microscopy on epitaxial graphene 2 D M A Mackenzie et al spectroscopy (THz-TDS) and scanning gate microscopy (SGM).
STM uses a high-aspect ratio metallic cantilever/ tip positioned very close to a target substrate so that tunnelling can occur [24] , with measurements of graphene directly on SiC demonstrated [25] . Using this technique both local topography and density of states can be mapped. STM can provide atomic resolution of graphene [26] , including the transport properties [27] , with the density of states/carrier density as a map, as well as extraction of Landau level spectra [28] . Although STM provides the most spatially precise transport measurements available, ideal conditions require ultra-high vacuum as well as special sample preparation to remove all surface contaminates. As a consequence, the properties of graphene devices in ambient are not assessable. In addition, the method is problematic for biased devices, and the scanning area and measurement speed impose a limit to the area probed to a few square microns.
MM uses near-field microwave radiation to extract the conductivity of thin films [29] , with conductivity measurements of graphene on polymer [30] and graphene on SiC demonstrated [31] . The measurements can be performed in ambient conditions at a high speed, and over large areas. However, the measurement uncertainty is largely dependent on the graphene coverage percentage [31] , and requires a well-calibrated substrate [32] . Other properties of graphene can also be determined using MM such as relative permittivity [33] .
THz-TDS is a non-contact method which determines transport properties via the interpretation of how graphene absorbs terahertz radiation [30] , with full-wafer maps of graphene on SiC demonstrated [34] . Traditional transmission-mode requires a substrate with high resistivity [35] , excluding highly doped Si. However, reflection-mode THz-TDS has shown to provide transport properties equivalent to transmission-mode [36] , and graphene-on-polymer mapping removes the wafer requirement altogether [37] . However, as the THz beam spot-size is relatively large, this limits the spatial resolution of THz-TDS to a few hundred microns. In addition, the large number of carriers in metal saturates the signal from graphene, so THz-TDS measurements cannot be performed in the vicinity of metallic electrodes i.e. within approximately 1.2 mm (in the 0.25-1.2 THz range), see [38] , which excludes THz-TDS from measuring small-scale devices with metal contacts.
A preferred solution is SGM, a technique that applies a voltage to a conductive atomic force microscopy (AFM) tip and uses it as a localised electrical top gate, thus offering a map of the transport properties with nanometre scale spatial resolution [39] [40] [41] [42] . The method has a larger scanning speed and scanning area in comparison to as STM, with scan dimensions of 100 s of microns. Due to tip degradation at high voltages and surface modification issues [43] , the gate bias range is limited, however the close proximity of the tip to the surface provides very high electric fields. SGM also has the advantage of being able to be performed in the vicinity of metal contacts, as well as in ambient conditions, with no ultra-clean pre-treatments required. In the graphene community, SGM has been used, e.g. to study charge inhomogeneity caused by the underlying Si/SiO 2 substrate [41, 44, 45] . In our previous work, we used SGM to investigate the effectiveness of a top gate on the resistance of 1-2LG devices and reported a significant amount of electric field screening by the 2LG islands present on the current carrying channel of a device [15] .
In this work, we use SGM to study the local electrical effects that AB-stacked 2LG islands generate in epitaxial 1LG Hall cross devices. We also develop an analytical framework for detailed interpretation of SGM measurements. We map the sensitivity to a local electric field by measuring the voltage response of the Hall cross in transverse (Hall) and longitudinal (bend resistance) geometry [46, 47] , and we compare these to the sensitivity obtained from equivalent finite element simulations of the spatial current density. We observe an abrupt change in voltage response when locally gating on 2LG islands compared to 1LG. We demonstrate that the physical location, shape and size of the 2LG islands on a graphene device can significantly alter the electrical response of the device. This manifests from interactions with the electric field of 1LG and 2LG, and the ability of the SGM tip bias to manipulate the carrier density (screening effect and lower carrier mobility of 2LG). The most sensitive parts of the Hall cross are able to detect local electric fields down to 110 kV cm −1 in our experimental setup.
Methods

Sample preparation
The epitaxial graphene was synthesized on semiinsulating 6H-SiC(0 0 0 1) via sublimation of Si from the substrate. Prior to the epitaxial growth, damage from polishing was removed by annealing the substrate at 1580 °C under H 2 at 100 mbar. The H 2 was then substituted with Ar, while maintaining 100 mbar and 1580 °C [48] . The synthesis was completed within 25 min, after which the sample was cooled to 800 °C while maintaining the Ar atmosphere. This specific route of synthesis produced nominally 1LG with micron scale patches of AB-stacked 2LG [16] .
The 5 μm-wide Hall bar devices were fabricated using a three-step process. First step involved electron beam lithography (EBL) with PMMA and ZEP520 resists, reactive ion etching (RIE) with oxygen and electron beam physical vapour deposition (EBPVD) of Cr/Au (5/100 nm) to define contact pads that are well-adhered to the substrate. Second step involved EBL and EBPVD of Cr/Au to define the electrical leads. Third step involved EBL and RIE to define the Hall bar devices.
Electrical scanning gate microscopy
The electrical SGM was carried out using the NT-MDT NTEGRA Aura scanning probe microscope (SPM) in ambient air at standard temperature and pressure. Doped Si tips with nominal resonant frequency of f 0 = 300 kHz, apex radius of 10 nm and spring constant, k = 0.8 N m −1 (PFQNE-AL by Bruker) were used. The SGM measurements were performed at the same time as AFM. During the standard non-contact mode AFM, where the topography of the sample is tracked by oscillating the tip at f 0 and maintaining root mean square (RMS) tip-sample distance of 6 nm, a low frequency (f Tip = 97 Hz) AC voltage (V Tip ) was applied to the tip using the sine wave output of an external lock-in amplifier (LIA, Stanford Research Systems SR830). V Tip was kept to a maximum of 5 V in order to avoid local oxidation of graphene due to interaction with the tip and surface water [43] and degradation of the probe apex. By applying an additional DC bias current across the device (I Bias ), the AC electric field emanating from the tip apex induced an AC voltage response in the Hall (V XY ) and bend (V XX ) geometry ( figure 1(a) ). The response of the device was measured simultaneously with the LIA referenced to f Tip and recorded by the SPM to build a voltage map in Hall and bend geometry ( figure 1(b) ).
The response of the device was characterised by performing spectroscopy at specific locations of the device. This consisted of using the AFM feedback to maintain the tip-sample distance and hold the tip stationary in x-y plane, during which time the V Tip was either swept (from 0-5 V) or applied in a step-wise manner (10-25 mV increments), while measuring V XY and V XX .
Simulations
We can qualitatively evaluate the SGM measurements by use of a sensitivity analysis similar to studies of the general interpretation of four-terminal measurements [49, 50] . The change in measured voltage ∆V m can be derived [51] by considering a small perturbation of local sheet carrier density N S induced by the gate bias on the AFM tip and the corresponding sensitivity to this perturbation governed by the equation:
Here, Z is the local carrier type (1 or −1 for holes and electrons respectively), μ is the local carrier mobility, C Tip is the tip-sample capacitance, e is the electronic charge, I is the current applied to the device, J s is the sheet current density in the device and J s the current density in the reciprocal configuration (i.e. where current and voltage electrodes are interchanged).
In reality, the sheet carrier density is modulated in the entire device as the electric field between tip and sample is not limited to the vicinity of the AFM tip. Thus, the absolute value of C Tip is ill defined, but serves well for a qualitative assessment. For the full quantitative analysis, the electric field normal to the sample surface must be evaluated for each location of the AFM tip as well as the cantilever. This three-dimensional analysis is beyond the scope of this study.
Finite-element simulations (FES) were performed with COMSOL Multiphysics 5.3 using a 2D model with the physics package Electric Currents in the stationary regime. Device geometry was defined by importing the 1LG and 2LG regions from the topography and surface potential maps shown in figures 1(c) and (d). 1LG and 2LG were designated as distinct materials with different sheet conductance. The simulations were performed for the Hall and bend geometries, as shown in figure 1(a) , as well as their reciprocal geometries. The x and y components of current density (J x , J y ) for both geometries were exported to MATLAB, and voltage maps were calculated in accordance with equation (1) .
For the FES, the only variable was the ratio between the conductance of the 1LG and 2LG, and for calculations of ΔV m values, μ, N S , C Tip , I and V Tip are selected to correspond to experimentally determined values, and the corresponding conductance ratio used in the FES.
Results and discussion
Device topography and transport properties
The 5 μm-wide Hall cross was first imaged with AFM and frequency modulated Kelvin probe force microscopy (FM-KPFM) to determine the topography and graphene layer thickness (figures 1(c) and (d), respectively) [52] . From these SPM images, confocal optical intensity [53] and Raman mapping (supplementary figure S1 (stacks.iop.org/ TDM/6/025023/mmedia)), and our previous work on epitaxial grapheme [15, 21] , we identified the Hall cross to consist of 85% 1LG and 15% 2LG (darker and brighter regions, respectively, in figure 1(d) ). The transport properties of the Hall cross were characterised in ambient environment with the Hall effect and 4-point resistance measurements described in [15] . Using these techniques, the average electron carrier density and mobility, and sheet resistance were determined as n e = 8.3 × 10 11 cm
, μ e = 1500 cm
, and R s = 5014 Ω, respectively.
SGM response to 1LG and 2LG
During SGM, the local carrier density is perturbed by the local electric field emanating from the tip. In the Hall geometry, the simulated reference map (figure 2(a)) shows that inherently a uniform 1LG device has zero response to the local electric field [54] when the tip is at the horizontal and vertical symmetry axis of the cross and positive/negative response at corners of the cross with a two-fold symmetry along the diagonal axis of the cross. The positive/negative voltage response is the result of the locally perturbed sheet conductance.
For the bend geometry, the simulated reference map ( figure 2(b) ) for a uniform 1LG device also shows a two-fold symmetry along the diagonal axis of the cross; with the additional positive band that spans from bottom left to top right corner. Both geometries are consistent with previous results on semiconductor devices [55, 56] .
Figures 2(c) and (d) show the experimental voltage map in Hall and bend geometry, respectively, in response to the local electric field generated by applying V Tip = 5 V RMS to the tip. During the scans, the device was current biased at I Bias = 75 μA and the tipsample distance was r = 6 nm, producing maximum electric field strength of E = 2aVTip r 2
, where a is tip radius. The tip capacitance was estimated as ≈1.6 aF, following the formalism developed in [57] and shown in detail in Supplementary Information.
On the 1LG parts of the device, both exper imental maps are consistent with the simulated reference maps (figures 2(a) and (b)). For example, in the Hall (bend) geometry, the bottom left corner of the device shows negative (positive) signal and the centre of the device shows zero (positive) signal. However, when the tip is gating in the region of 2LG islands, the measured signal shows a clear sign-change relative to the simulated reference maps. Moreover, the magnitude of the signal is generally larger for 2LG located in the active part of the Hall cross and especially when gating near edges or constrictions due to geometry related electric field enhancements. All the above features observed in Hall and bend geometry maps are also subject to 180° rotational symmetry when current and voltage lead configurations are rotated by 180° (supplementary figure S2) , consistent with the reciprocity theorem. Additional SGM measurements performed on a different non-uniform 5 μm-wide epitaxial graphene device under identical experimental conditions (supplementary figure S3), show similar features in Hall and bend geometry to those in figures 2(a) and (b), respectively, including the inversion of signal for 2LG regions.
To understand the inversion in the signal by 2LG islands, we use the simulation method described in section 2.3. Due the predominance of 1LG in the device, the simulated 1LG was set to match the experimentally observed transport parameters of n = 8.3 × 10 11 cm
, and with a number of carriers ratio n 2LG /n 1LG of 4 based on previous experimental work [15] . For the calculation of the current densities, only the resistance ratio between the layers was varied. The other experimental parameters (I, V Tip ) were subsequently used with a C Tip of 1.6 aF (as estimated in supplementary information) to create a spatial map of ΔV m using equation (1) . A least squared fit was then used to determine the optimum resistance ratio, found to be σ 1LG /σ 2LG = 2. Because n 2LG /n 1LG and μ 1LG are defined, this pegs the value of μ 2LG to μ 1LG /2.
A good qualitative agreement between the experimental data (figures 2(c) and (d)) and FES results (figures 2(e) and (f) ) was found only in assumption that Z was negative for 2LG and positive for 1LG. We observe that ΔV m for experiment and simulation are similar both spatially and in magnitude. We note that the one area where the simulations and experimental data diverge is the bottom left hand corner of figure 2(f). For 2LG in this region the experimental data is slightly positive while the simulation data is negative. The explanation is that the cantilever adds an overall positive global effect to the measured signal for the bend configuration. In the bend configuration, the overall expected signal is positive ( figure 2(a) ). As the device is predominantly 1LG, so when the tip is locally probing the 2LG area in the bottom left corner, the tip will contribute with a negative component to the measured signal, and because the global effect from the cantilever is primarily gating 1LG, it will contribute a positive signal. The two effects almost cancel each other out, resulting that the 2LG area in the lower left corner of figure 2(f) is slightly positive. Because our simulations are only capable of modelling the tip, this overall offset is not observed in figure 2(f). In addition, the 1LG areas of figure 2(d) show an overall positive offset with respect to the reference map, which is attributed to this cantilever effect. We also observe that the tip-cantilever effect is dependent on the size of 2LG islands. In an area with larger coverage of 2LG (e.g. upper right corner of figure 2(d) ), we observe a smaller opposite-sign contribution from surrounding 1LG areas, and corresponding better agreement with the simulations compared to the smaller 2LG islands in the left/lower left hand corner.
Alternatively, the Hall configuration was not affected by this offset due to the symmetry of the sensitivity reference map, which leads to a more accurate quantitative agreement between the experimental and simulation data. Figure 3 shows two potential mechanisms explaining opposite response to V Tip for 1LG and 2LG. One interpretation, shown in figures 3(a) and (b), is that charge neutrality points (CNP) of 1LG and 2LG have different values. If each layer has different carriers, (i.e. n-type 1LG and p-type 2LG), then opposite effects will occur under the local gate. This can happen in two ways. Firstly, as shown in figure 3(a) , if the tip provides sufficient electric field for the Fermi level to cross the Dirac point, then 2LG becomes p-type under gating conditions. Alternatively, as shown in figure 3(b) , if at zero gate bias 1LG is n-type and 2LG is p-type, then the gate would have an opposite effect on each layer for all V Tip values. A second interpretation, shown in figures 3(c)-(f), is that the electric field from the tip causes local surface accumulation of charge in 2LG areas ( figure 3(f) ).
In order to determine if V Tip leads to switching carriers from n-type to p-type (by crossing the CNP), we measured at points consisting of only 1LG or 2LG and swept the magnitude of V Tip from 0 to 5 V and back. The results are shown in supplementary information figure S4 , where we observe a linear increase in signal with tip voltage both for 1LG ( figure S4 points A, B) and 2LG ( figure S4 points C, D) . This is good evidence that the carrier type is not changed for the tip voltage range 0-5 V that we use for the experiment, as in that case we would expect first to observe an increase in V xx and then a decrease (or vice versa) as the tip voltage passed the CNP.
Based on previous Hall measurements with no tip voltage applied, we also know that both fully 1LG and 2LG covered devices are n-type at V G = 0 [15] . By means of Hall measurements we also observe that the mixed single-double layer devices studied here are of n-type. We therefore conclude that we have n-type carriers in both 1LG and 2LG under non-gating conditions, so we can therefore exclude the mechanism from figures 3(a) and (b).
We , it leads to accumulation of the negative charge. For the case of 2LG, the negative charge accumulates on the top layer. In order for charge accumulation to occur in a system, it assumes that the layers are electrically coupled, and that different carrier concentrations can occur in each layer, known for the case for Bernalstacked grapheme [58] [59] [60] . We can infer that 2LG studied here is Bernal stacked due to the shift in position of the Raman 2D peak for 2LG areas [61] , as shown in supplementary information figures S1(b) and (c). Based on this model, due to charge accumulation on the top layer, the area of 2LG under tip will appear as if it is p-type during SGM measurements due to the redistribution of charge within the device, but are in fact always n-type. This matches the exper imental data of 2LG switching sign and is consistent with the observations that (i) for zero gating we have n-type for both layers and (ii) no carrier inversion occurs in our gating range.
This mechanism combined with the tip-cantilever analysis above is also consistent with previous measurements of mixed 1LG/2LG Hall bars [15] , when evaluated in a different geometry (i.e. measurement of the channel resistance). It was observed that the V xx signal in the centre of a 2LG area was lower in magnitude, however not negative. In the case of 1LG device, gating anywhere along the channel resulted in an increase in the channel resistance due to depletion and redistributions of carriers within the graphene device. For the mixed 1LG/2LG device, gating on the 2LG parts of the channel also resulted in an increase in the channel resistance, however the magnitude was significantly lower than for 1LG part of the device channel. Even for predominantly 2LG devices, the total signal can be small and positive (rather than negative) due to the electric field screening effect of 2LG [14, 15] combined with the more sensitive but small areas of 1LG providing an overall positive signal from the cantilever for all probing locations. This also aides in explaining why the gating effect in 2LG was observed to be 20 times lower than 1LG only in the primarily 2LG device [15] . Each possible mixed-layer device has distinct island size and distribution, which leads to a different combination of the negative (tip/2LG) and positive (cantilever/1LG) components of the overall measured signal. When considering the response of mixed-layer graphene devices to local electric fields in non-symmetrical measurement geometries (such as figure 2(b) and in [15] ), it is important to consider the localised gating effect of the tip as well as the topographically-dependent effects of the relative 2LG island size, distribution, and cantilever gating. These effects can be minimised by choosing a symmetrical measurement geometry, and are qualitatively predictable using FES.
Sensitivity to electric fields
The linearity and the detection limit of the device to local electric fields was investigated for Hall and bend geometry by performing spectroscopy at the most sensitive parts of the device on 1LG, i.e. positions 1-3 indicated in figure 4(a) . Position 1 is at the centre of the cross and positions 2 and 3 are near top left and top right corners of the cross, respectively. All three chosen locations show good linearity (adjacent R-square greater than 99.4% for all the fits) for electric field strengths up to E ~ 28 MV cm −1 ( figure 4(b) ). In order to compare these locations with the theoretically most sensitive areas of the device, i.e. geometrical corners ( figure 2(a) ), we show four additional spectroscopy locations, which are located at the corners for the Hall configuration, shown in figure S4(a) . We observe approximately 5 times larger signal at the bilayer edges, a maximum V xx signal of |240 μV| (Position 2 in figure 4(b) ), compared to |55 μV| at the geometrical corners of the device (Position D in figure S4(b) ), showing that the sensitivity to electric fields is enhanced at the bilayer edge. Spectroscopy measurements at positions 2 and 3 ( figure S4(b) ) shows higher signal than the same location in the map in figure 2(d) due to the lower spatial resolution of the map. Spectroscopy at position 3 ( figure 4(b) ) was also carried out at I Bias = 0, 25, 50 and 75 μA for Hall and bend geometries showing good linearity with increasing bias current (supplementary figure S5) . Next, the response of the local area was determined by applying V Tip in a step-wise and incremental manner for the Hall and bend geometry. At the centre of the cross, i.e. position 1 (supplementary figure S6(a) ), the Hall geometry is only sensitive to fields greater than E ~ 1.1 MV cm −1 (V Tip = 200 mV), but sensitivity in bend geometry improves by factor of four to E ~ 280 kV cm −1 (V Tip = 50 mV). At position 2, the minimal changes in V XY and V XX were identifiable for fields larger than E ~ 110 kV cm −1 (V Tip = 20 mV) and E ~ 550 kV cm −1 (V Tip = 100 mV), for Hall and bend geometries, respectively (supplementary figure S6(b) ). At position 3, the highest value of sensitivity is achieved at E ~ 110 kV cm −1 (V Tip = 20 mV) in both Hall and bend geometries (figures 4(c) and (d), respectively). The sensitivity of these devices to external out-ofplane electric fields demonstrated here are comparable to those achieved in traditional parallel plate back-or top-gated systems [2] , however in the present case, the sensitivity arises from a highly local electric field.
Using the step-wise change in V XY and V XX , the signal-to-noise (SNR) ratio was estimated with
, where V is V XY and V XX for Hall and bend geometry, respectively, and σ is the standard deviation of V XY and V XX at V Tip = 0. For the bend geometry, position 3 offers the best sensitivity. Although we demonstrate screening of external out-of-plane electric fields by 2LG, the spectroscopy measurements also show that current is redirected to the boundary between the 1LG and 2LG, as implied by the larger sensitivity in this area. This is due to the lower resistance of the 2LG islands and the associated current crowding based on the island geometry. Therefore, in comparison to an entirely single-layer device the inclusion of 2LG islands helps to redistribute the carriers locally near boundaries, thus giving rise to the higher sensitivity to electric fields for devices with 2LG islands. The sensitivity is further enhanced when the local electrical field from the tip is fully surrounded by edges of 2LG (i.e. positions 2 and 3), which is an analogue to higher sensitivity at the geometrical 90° corners of a cross (i.e. figures 2(a) and (b)).
Conclusion
In summary, we have investigated local electrical gating effects on 5 μm-wide Hall cross devices fabricated from non-uniform epitaxial graphene on 6H-SiC(0 0 0 1). Surface potential mapping with FM-KPFM, confocal optical imaging and Raman microscopy revealed the graphene layer structure of the device as 1-2LG. Using electrically conductive tips, SGM was performed in Hall and bend geometries under DC current bias in ambient air. For the Hall geometry, SGM maps reveal strong positive/negative signals at the corners of the cross, with two-fold symmetry and 180° rotational symmetry of the current/voltage measurement leads. In both geometries, locally gating on 2LG islands in the active area of the device inverts the signal. The inversion of the signal on 2LG islands is attributed to charge accumulation on the surface of 2LG, as consistent with the finite element modelling of 1LG and 2LG as distinct materials where σ 1LG /σ 2LG = 2 and μ 2LG = μ 1LG /2. The simulated observed offset voltage qualitatively matches the SGM data as if the material had opposite carrier types although both layers are n-type. For nonsymmetrical measurement geometries it is important to consider the interplay of the localised gating effect of the tip as well as the broader effects of the cantilever gating and relative 2LG island size. These effects can be minimised by choosing a symmetrical measurement geometry, and are qualitatively predictable using FES. Additional spectroscopy measurements reveal that most active parts of the graphene device are sensitive to local electric fields down to 110 kV cm −1 . This was attributed to significant local redistribution of carriers from electric field enhancement by 2LG edges. Thus, we show that SGM is an effective tool for studying electrical gating effects in devices with tens-of-nanometre scale spatial resolution. Strategic device design with specific 2LG structures can be used to enhance sensitivity of devices to electric fields. Moreover, using a sensitivity analysis allows for qualitative assessment of transport properties.
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